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Abstract 
CO2 micro bubble storage (CMS) is proposed as one of the technical alternatives for CCS that micro bubble of CO2 is 
dissolved in groundwater in a borehole and the water saturated by CO2 is injected into aquifer. In this study, the 
preliminary study was done that CO2 behavior in CMS was numerically simulated under the operational condition 
that CO2 micro bubble is injected into one well and the groundwater flow around the well is controlled using four 
withdrawing wells one-hundred-meter apart from the injection well. The results show that CO2 migrates in the aquifer, 
the excess pore pressure generated by CO2-dissolved water injection is so small that rock around the injection well 
can be mechanically stable and CO2 independent phase is not generated.  
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1. Introduction 
Carbon Capture and Storage (CCS) is one the technologies that is expected to contribute the decrease 
of Green House Gas (GHG). Among the technical alternatives of CCS, Koide and Xue[1] proposed CMS 
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that is economical and does not generate CO2 leakage. In CMS, CO2 is injected into shallow geology as 
microbubbles, while CO2 is injected into geology as supercritical phase in the general concept of CCS. 
Suzuki et al.[2] studied on the feasibility of CMS from the view points of technical, economic, and legal 
aspects. They proposed the operational condition that CO2 microbubbles are mixed with water in a 
vertical injection well and CO2-saturated water is injected. Groundwater is withdrawn through four 
vertical wells located around the injection well to control the groundwater flow around the wells. They 
indicated that CO2 can be economically and safely stored in an aquifer, a high-permeable sand rock layer 
that is present in the depth from 300 meters to 500 meters under the ground surface.  
In this study, the field-scale behavior of CO2 in CMS is numerically simulated using TOUGH2 with 
ECO2N module (Pruess and Garcia[3], Pruess[4]) to understand the effect of various operational conditions 
such as the existence of an aquitard, a low-permeable layer as a cap layer over the aquifer, the vertical 
position of injection in the aquifer, and the distance between the injection well and each withdrawing well. 
In the numerical study, the multiphase multi-component fluid simulator TOUGH2 with the ECO2N 
module developed by Laurence Berkeley National Laboratory of United States is used because it should 
be confirmed if the dissolved CO2 is vaporized and free gas phase is generated.  
2. Methods 
2.1. Geological Settings and Basic Operation of CMS 
The aquifer is present at the depth from 300 meters to 500 meters under the ground surface. There is 
low-permeable mud rock layer over and below the aquifer. Groundwater is withdrawn through four 
vertical wells located around the injection well to control the groundwater flow around the wells so that 
dissolved CO2 can be dispersed in the aquifer. The flow rate of the injection and the withdrawal is 
balanced. The injection rate is 7 kg/sec as the CO2 solution and groundwater is withdrawn through the 
withdrawing wells.  
2.2. Evaluation Points 
The results of numerical simulation of each case are evaluated from the three points: the distribution of 
CO2 concentration, pore pressure, and water saturation.  
Through the contours of dissolved CO2 concentration, it is confirmed if injected CO2 is dispersed 
widely in the aquifer surrounded by the wells.  
If the pore pressure around the injection well increases drastically, the stress field is drastically 
changed and rock could be destructed. It is not easy to set the threshold level of permissible pore pressure 
because it depends on various factors. It can be assumed that rock is not destructed if the change of pore 
pressure is below the value corresponding to the casual change of groundwater level such as several tens 
of meters. The distribution of pore pressure is confirmed through contours.  
The permeability of gas phase is as about one thousand times as liquid phase. Buoyancy acts on gas 
phase according to the difference of density. As the result, the driving force to move CO2 upward 
increases if the gas phase of CO2 is generated. In that case, the capability of CO2 storage depends on the 
performance of the mud rock layer over the aquifer as the capillary barrier and the risk of CO2 leakage 
could increase. Because the density of CO2-saturated groundwater is a little greater than the normal 
groundwater, no upward flux of CO2 is generated in normal geological settings. Considering from the 
above, it is important in CMS to limit the CO2 injection rate within the level that no gas phase CO2 is 
generated. The distribution of independent phase saturation is confirmed through contours. 
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2.3. Numerical Simulator TOUGH2 
The multiphase multi-component fluid simulator TOUGH2 with the ECO2N module developed by 
Laurence Berkeley National Laboratory of United States is used because it should be confirmed if the 
dissolved CO2 is vaporized and free gas phase is generated.  
TOUGH2 is a multiphase multi-components fluid simulator. It can solve the behavior of the 
combination of various fluids and solutes. The combination is given as EOS modules that implement 
multi-phase fluid flow equations and the state equations of fluids and solutes. ECO2N, one of the EOS 
modules, implements those equations of CO2, water, and brine under the thermodynamic state that 
temperature is 10 to 100oC, the pore pressure is 0.1to 60MPa, and the concentration of sodium chloride is 
less than saturated solubility. It is sometimes used for the simulation of CCS [3].  
Phase partitioning characteristics and thermodynamic properties of the mixture of water, CO2, and 
Sodium Chloride are implemented in ECO2N as follows.  
CO2 is present as solute in water, independent phase, and both of them. Gas phase is the mixture of 
vapor and CO2. The mixing ratio depends on the temperature and the pressure. Sodium Chloride is 
present only in liquid phase as electrolytes. Because the concentration of sodium chloride affects the free 
energy of water and CO2, the mixing ratio in gas and liquid phase depends on it. Summarizing the data of 
laboratory experiments on the phase partitioning characteristics of water and CO2 under various 
conditions of the temperature, the pressure, and the sodium chloride concentration, Spycher[5] and 
Spycher and Pruess[6] proposed a numerical thermodynamic model, which is implemented in ECO2N.  
Because the mixing ratio of water in gas phase is less than 1% at most, the error is negligible if the 
thermodynamic properties of gas phase are approximated as those of the independent phase of CO2. In 
ECO2N, the density and the viscosity of independent CO2 phase given by Altunin[7] is used as those of 
gas phase. The specific enthalpy of gas phase is given by Garcia[8]. The density, the viscosity, and the 
specific enthalpy of liquid phase are given by Garcia[8], Phillips[9], and Lorentz et al.[10] , respectively 
2.4. Assumptions for Numerical Study 
Because the aquifer is shallow, the groundwater in it originates from precipitation and the electrolytes 
concentration is negligibly low.  
The excess CO2 more than solubility is returned to the ground surface through the double tubes in the 
injection well when CO2 micro bubble is injected. That means that the concentration of CO2 is the 
saturated solubility according to the temperature and the pressure. No independent phase CO2 is injected 
to the aquifer.  
2.5. Settings of Numerical Simulation 
The discrete model for the simulation is shown in Fig.1.  
The three dimensional area of horizontal (x-y plane) 500m x 500m by vertical (z axis) 900m that 
involves the injection well and the withdrawing wells is divided to 10m x 10m x 10m grids. The dividing 
width is 100m within 100m from the sides, 200m from the surface, and 300m from the bottom. The 
injection well is given as the source to the grids that place horizontally at the center and vertically at the 
depth from 350 to 450 meters. Each withdrawing well is given as the sink from horizontally continuous 
two grids that place at the depth from 300 to 500 meters. The wells and the vicinity are not modeled 
precisely. 
There is low-permeable cap layer at the depth from 250 to 300 meters and high-permeable aquifer at 
the depth from 300 meters to 500 meters. 
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For the boundary conditions, the pressure is the atmospheric pressure (100kPa) and 15oC at the ground 
surface. The sides and the bottom are no-flux boundary. The initial conditions are set using the
geothermal gradient of 2.5oC/100m and the hydrostatic pressure gradient 1MPa/100m. The initial mass
fraction of CO2 in groundwater is 0% and that of the injected water is 4.0% less than the saturated 
solubility under the CO2 partial pressure 4MPa , 4.4%[5]. 4MPa is approximately the hydrostatic pore
pressure at the depth of 400 meters.
Fig. 1. The discrete model for numerical simulation
The permeability and the porosity of the sand rock and the mud rock are shown in Table 1.
Table 1 Permeability and porosity of sand rock and mud rock
sand rock mud rock
permeability ( m2 ) 1.0x10-13 1.0x10-16
porosity ( - ) 0.35 0.30
The characteristics of two phase flow are shown in the Table 2[3]. Here the phase dominated by water
is called water phase and the phase dominated by CO2 is called gas phase. The same value of capillary 
pressure is used for the both layers. That setting is conservative for the performance of mud rock as a cap
layer. Fig. 2 and Fig. 3 show the plot of relative permeability and capillary pressure, respectively.
The simulation cases are set as shown in Table 2. In the cases 1, 2, and 3, the distance between the 
injection well and each withdrawing well is 100 meters. The injcetion depth in the case 1 is 350 to 450
meters from the surface that is the middle 100 meters of the aquifer and the injection depth in the case 2 is 
400 to 500 meters from the surface that is the lower 100 meters. In the case 3, the permeability of mud 
rock is the same as that of sand rock, that is to say, there is no cap layer. In the case 4, the distance
between the injection well and each withdrawing well is 200 meters. The area for the simulation is
devided into 20m x 20m x 20m grids.
aquitard
aquifer
Injection well
Withdrawing wells
5982   Satoru Miyoshi et al. /  Energy Procedia  37 ( 2013 )  5978– 5985 
Table 2 Two phase flow characteristics of sand rock and mud rock 
relative permeability capillary pressure 
van Genuchten function 
(van Genuchten11)) 
van Genuchten-Mualem model 
(Mualem12); van Genuchten11)) 
 sand rock clay rock  sand rock clay rock 
 
Slr 
Sls 
Sgr 
 
0.457 
0.30 
1.0 
0.05 
0.457 
0.30 
1.0 
0.05 
 
Slr 
1/P0 
Pmax 
Sls 
0.457 
0.0 
5.1x10-5 
1.0x107 
0.999 
0.457 
0.0 
5.1x10-5 
1.0x107 
0.999 
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Fig. 2 Plot of water saturation - relative permeability                  Fig. 3 Plot of water saturation - capillary pressure 
 
Table 3 simulation cases 
 Injection depth Cap layer 
Horizontal distance 
between injection well 
and withdrawing wells 
Case 1 350 - 450m Present 100m 
Case 2 400 - 500m Present 100m 
Case 3 350 - 450m No 100m 
Case 4 350 - 450m Present 200m 
 
3. Results and Discussion 
3.1. Case 1 
Dissolved CO2 reached the withdrawing wells four years after starting the injection. The contour map 
of CO2 mass fraction in pore water at that time is shown in Fig. 4. The isosurface of 4% is also shown in 
it. The volume where the CO2 mass fraction is the same as the injected solution (4%) spherically 
dispersed in the aquifer surrounded by the withdrawing wells.  
water 
gas 
water 
water 
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The pore pressure distribution at the same time on the horizontal cross section at the middle depth of 
the aquifer is shown in Fig. 5. The dimension of the number in the legend is Pa. Because the initial 
pressure at the depth of 400 meters is 4.1MPa, the increment is approximately 600kPa. There was no grid 
where the water saturation is less than 1.  
3.2. Case 2 
The isosurface of 4% CO2 mass fraction in pore water four years after starting the injection is shown in 
Fig. 6. The contour map at the depth of 300 meters and 500 meters are also shown in it. CO2 migrated 
horizontally in the aquifer and dispersed upward to some extent.  
The pore pressure distribution at the same time on the horizontal cross section at the depth of 480 
meters is shown in Fig. 7. Because the initial pressure at the depth is 4.9MPa, the increment of the pore 
pressure of the grids around the injection well is approximately 200kPa. There was no grid where the 
water saturation is less than 1.  
3.3. Case 3 
The isosurface of 4% CO2 mass fraction in pore water four years after starting the injection is shown in 
Fig. 8. The contour map at the depth of 300 meters and 500 meters are also shown in it. The distribution 
of CO2 mass fraction is almost the same as case 1. Even though there is no cap layer over the aquifer, 
remarkable upward flow is not generated.  
The pore pressure distribution at the same time on the horizontal cross section at the depth of 400 
meters is shown in Fig. 9. Because the initial pressure at the depth is 4.9MPa, the increment of the pore 
pressure of the grids around the injection well is approximately 250kPa. The reason why the increment of 
pore pressure is less than that in case 1 is that the pore pressure can propagate upward to some extent. 
There was no grid where the water saturation is less than 1.  
3.4. Case 4 
Dissolved CO2 reached the withdrawing wells six years after starting the injection. The contour map of 
CO2 mass fraction in pore water at that time is shown in Fig. 10. The isosurface of 4% is also shown in it. 
The volume where the CO2 mass fraction is the same as the injected solution (4%) spherically dispersed 
in the aquifer surrounded by the withdrawing wells.  
The pore pressure distribution at the same time on the horizontal cross section at the depth of 400 
meters is shown in Fig. 11. The increment of the pore pressure of the grids around the injection well is 
approximately 200kPa. There was no grid where the water saturation is less than 1.  
 
4. Conclusions 
From the above case studies, it is concluded that injected CO2 is migrated in the aquifer and no 
independent phase of CO2 is generated under the operational conditions given in this study. In addition, 
the increment of pore pressure generated by CO2-dissolved water injection is less than several tens of 
meters by piezometric head at most, which is within the casual change of groundwater level.  
In the case 3 where there is no cap layer, there was upward flux greater than other cases to some extent. 
It can be pointed out that the upward flux of CO2-dissolved groundwater has to be monitored and 
controlled for CMS operation under the geological setting where there is no effective cap layer.  
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Fig. 4 Contour of dissolved CO2 mass fraction and isosurface
of 4% CO2 mass fraction after four years in case1
Fig. 5 Contour of pore pressure after four years in case1
Fig. 6 Contour of dissolved CO2 mass fraction and isosurface
of 4% CO2 mass fraction after four years in case2
Fig. 7 Contour of pore pressure after four years in case2
Fig. 8 Contour of dissolved CO2 mass fraction and isosurface
of 4% CO2 mass fraction after four years in case3
Fig. 9 Contour of pore pressure after four years in case3
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Fig. 10 Contour of dissolved CO2 mass fraction and isosurface 
of 4% CO2 mass fraction after four years in case4
Fig. 11 Contour of pore pressure after four years in case4
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